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By ILoren W. Acker and EKemneth S. Kleinknscht

SUMMARY

Flight and grourd investigatlons have been made to compare
an exhsust-ejector inatallation with e standerd exhsust-collectore
ring installetion on air-cooled alrcraft engines in g twin-engine
airplane. The ground investigatlion shcwod that, whereas the
standard engine would have overkealed sbove 800 horsepower, the
engire wilith exhaust ejsctors cooled st tske-off opsrating condi-
tions at zero rem. Tios exhaust ejectors provided as much cooling
with cowl flaps closed &e the convsntilonal cowl flaps induced when
full open at low alrspeeds. The propulsive thrust of the exhaust-
ejector installstion wes calculated to be slightly less than the
thrust of the collector-ring Instailation.

INTRODUCTION

As part of a program requested by the Bureaun of Aeronauties,
Navy Department, flight and ground Investigatione have been made
on an exhsust-ejector Installation in & twin-engine alrplane. The
exhaust eJectors ware designed to increase the cooling-air flow
throuvgh the englne and were ingtalled In the left nacelle. The
right engine was left In its standard configuration with an exhaust
collector ring. The coolinz-alr pressure drop across the engine
and the cylinder temperstures were measuied in each instellation
to dstermine the Improvement 1n engine cooling obtained with the
exhaust ejectors. Breke horgepower and exhaust back pressure were
measured for each installation to compare the over-all performance.
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APPARATUS

A JM-1 airplane (serial No. 41-35541) (fig. 1) equinped with two
R-2800-43 engines was usad in the irnveatigation. The R-2800-43 engilne
hes & norwel power reting of 1600 hormepower at a speed of 2400 rpm
and a manifold pressurc of 41 Inchss of mercury absolute; 1t has a
military take-off rating of 2000 horsepowsy at 2700 rpm and 52 inches
of mercury ebsoclute. The left nacelles was modifiled by replacing the
conventional exhaust-~collector-ring instellstion with an exhasust-
eJector instellation (figs. 2 and 3). No modifications were mads on
the right nacelle (figs. 4 and 5).

The exhaust-ejector installation conaigted of four two-stage
electors on eackh side of the nacelle. Iesign data for exhsust nozzles
and ejectors were obtalned from raferencos 1 to 4. The eJectors were
desgigned with two steges in order that removal of the first stage would
provide access to tile engine accessories. Srace llimltatlons prevented
the use of rore than four ejleciors on each gids of the nacelle. Indi-
vidual cylindsr exhausts were therafors grouped in triple and twin
stecks es follows:

Cylinder sxkausts

Outboard Inboard
1, 17, 18 2, 3, 4

15, 16 5, &
13, 14 7, 8
11, 12 g, 10

This grouping wes selected because of gpace limitations and simplicity
of construction at the expense of minimum valve overlap. Nozzles with
an outlet dlameter of 2 inches were welded to the end of each group of
gtacks.

The first-stege eJectors, shown mounted on the accessory skin panel
in figure 6, are lé% square inches in cross-sectional area end lBé inches

long (flg. 7). Flush with the outlets of the first stagss are the

second -stage ducts, which are 35 aquare inches in cross-sectional area
and 20 inches long. Diffussrs 9 inches long with an expansion ratlio of
1.2 are wolded to the ende of the second stages. DPivoted at the diffuser
exite ars controllable exlt flaps 15 1nchee long that open approximgtely
20°. These flaps provide an outlet arsa of 210 square inches when
closed and 350 square inchee when fully open.
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INSTRUMENTATION

Engine cylinder-baffle total pressures at the forward liv of
the front-row cj;iinder baffles, engine cylinder-baffle static pres-
sures in the resr curl of the rear-row cylinder beffles, and total
ard wall static pressures In the ejector ducts about 4 inches in
front of the diffumer section (fig. 7) were measured with lignid
mansmeters. The exhaust back pressures were obtained with fiush

orifiices in the exhaust pipes at etations 13 and 2& inches frum the

exhavst ports of the front-roew and rear-row cylinders, respectively.
Exhsust back pressires were recordsd from differential-pressure
gages for the modified engine and from a ligquid manometer for the
standard engine.

Temperatures of the year-gpark-plug gasket, the ejectors, the
carburetor screen, ani the cylinders were measured by thermocouples
and recorded by a flight-teset recorder. The eJector thermocouples
were located on the szme rekes as ths total-rreesure tubes. A
resistance-bulb thermometer was installed under the nose of the alr-
plane for measuring free-stream alr temperature.

Preagsures for measuring altitude and Indicated airspeed were
nrovided by swivellng statlc-pressure end shrouded total-pressure
tubes, located 1 chord length ahead of the right-wing tip. Engine
charge-air flow wes determined by carburetor metering-vressure data
and air-box calibrations. Carburstor impact total-pressure and
carburetor uncompensaited metering-pressurs differentials were obtained
from sensitive absolute-pressurs gages and differontial-~prossure gages,
respectively. Engine manifold pressures were measured by sensitive
absolute~pressure gages.

A position transmitter was used to measure cowl-flap openingsa.
A deflecting-vane-typs fuel flowmeter was installed in the fuel line
between the cerburetor end injection nozzle to measure fuel flow.
Brake horsepower was determined from Pratt & Whitney torgquemesters
and sensitive tachometers.

All Instruments were calibrated before installation in the air-
plane. With the exception of torque nressure, cowl-flap opening,
and engine temperaturs, all data were recordsd on photographic film.

SYMBOIS

The following symbole are used In the presentation of results.
The numerical subscripts refor to statlons on figure 7.
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exhaust-nozzle or exhaust tall-pipe area, (sq ft)
specific heat at constant pressure, (Btu/{1b)(°F))
net thrust, (1b)

acceleration of gravity, (ft/sec?)

total pressiFe in front of engine, (in. water gage)

total pressure ln sacond-stege eJectors, (1b/sq £t absolute or
in. water gage)

mechanical eguivalent of heat, (778), (ft-1b/Btu)
mass of engine cooling-alr flow, (slugs/sec)
mass of engine chargs-air flow, (slugs/sec)
mase of engine exhanst-gas flow, (slugs/sec)
free-gtream statlc pressure, (lb/sq £t absclute)

static pressure at cylinder-baffle exit, (lb/sq £t absolute or
in. water gage)

engine exhaust back pressure, (in. Hg abeolute)
engine menifcld pressure, (in. Hg abzolute)

average of engine cylindsr-head and cylinder-barrel preassure drop
(in. water)

engine cylinder-head pressure drop, (in. water)
free-gtream dynamic pressure, (in. water)

gas constant for exhaust, (ft-lb)/(siug)(oF)
total temperature behind engine, (OR)

total temperature in eJectors, (°R)
exhaust-gas temperaturs, (°R)

cylinder-head temperature, (°F)
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Vo trus airspeed, (ft/sec)

velocity at flap exit, ejector engine, (fﬁ/sec)
velocity at flap exit, standard engine, (ft/sec)
mean effectlive exhaust-gas velocity, (ft/sec)

¥4 ratio of specific heats of sir, 1.4

propellsr efficiency

Og ratio of freec-stream alr density to NACA standard sea-level
air density

02 ratio of alr density at cylinder-baifle exit to NACA standsrd
sea-level ailr density
METHOD OF CALCULATION
In order to determine the over-all performance of each instal-
lation, the net thrusts of the cooling air and the exhaust gas were
calculated by the following compressiblo-flow equations. The net
thrust 1s the change in momentum of the cooling sir and the exhaust
gages from true alrspeed to thelr respective exit velocities.
For the modified engine,
Fp = (Mg + Mg) Vae ™ My + M) ¥, (1)
where
-

r. p it
Y]
¥ %

In equation (1) the assumption was made that the fluid changed
1sentropically from the total pressurs (fig. 8) and the total temper-
ature in the ducts to free-stream static preasure and temperature.
Any lossesg that might have occurred in the diffusers and through the
closed cowl flaps were neglected.

For the standard engine,

Fpo= MV, 5 + MoVe - (M + M) Vg (2)
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where : .
P 7-L
" ! BN 7
v =\l 2gJc, . To 1 - (:_;>
4,8 § 2
’ \' ® !h \ Pz
and
_ MegRTe
Vo =
Pt

In equation (2) the total pressure was agsumed equal to the statio
pressure behind the engine; therefore, in the calculation of cooling-alr
thrust an isentropic change of the fluld was assumed from the static
pressure (fig. 9) and tewnerature behind the engine to free-stream static
pressure and temperature. The lossges through the closed cowl laps were
again neglected. The exhauet velocity was merely a functlon of exhaust-
gasg tempereture, free-stresam statlc pressure, and mass of englne exhaust-
2as flow. Co T :

In order to determine the thrust that might be expected from Jet
exhaust stacks on a standsrd engine, calculatlons were based on the assump-
tlon that the exhaust stacks used with the sjectors were installed on the
standard engine in place of the collesctor ring. The followlng equation
was used:

Fpo= MWy o+ MV = (My + Mg) ¥ (3)

S

With an assumed propeller efficiency of 0.85, the total net thrust
horsepower available was calculated for each installation by

where

(See reference 4.)

anb
550

thp = + bhp np (4)
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PROCEDURE AND DISCUSSION
Cooling-Blower Invesbigation

In order to determine the relation between cooling-air flow and
engine pressure drop, a portabls engins-cooling blower was uséd. This
blower was set up in front of each engine (fig. 10); the blowsr outlst
was sealed to the cowling inlet by a rubber casing and the blower wss
operated at varlous air flows. Engine pressure drop was muiltiplied
by the density ratic at the cylinder-baffle exit to include the effect
of alititude and engine temrerature on cooling-air flow. ZEngine cooling-
air pressure drop and temperatures bshind the epglines were measured in
flight and used In conjunction with the data of figure 11 to obtain
cooling-sir flow under flight-test conditions.

Ground Invegitligation

A ground investlgation was made to determine the cooling charac-
teristics of each installation at a condition of zero ram. The resulis
of this investigation at a free-air temperature of 35° F with cowl
flaps open are shown in figure 12 where the avellable cylinder-head
preasure drop OgAPp fuel-air ratio for both englnes, and the maxlimum

cylinder-heed temperature Ty for the exheust-ejector sngline are
plotted against brake horsepower. If permitted to stabilize, the
cylinder-head tempesratures on the standard engine would have exceeded
the manufacturer's maximum limit of 500° F at test conditions using
about 600 brake horsevower or more; therefors, no cylinder-head tem-
perature data for this engine were obtained. As shown in figure 12,
an increase in brake horsepower produces a greater increase in head
pressure drop in the modified engine than in the standard engine.
Despite slightly leaner fuel-air ratios, the modifled engline cooled
far better than the standard onglne for all powsre. For example, at
take -off conditions (maximum power) with cowl Fleps full open, the
modifled-engine installation provided a cylindsr-head pressurs drop
of 5.5 inches of water; whereas the cowl flaps on the standard engine
induced a pressure drop of only 2.5 inches of water. With a cylinder-
head wnressure drop of 5.5 inches of water, the maxlmum cylinder tem-
perature for take-oftf conditions was 480° F.

Flight Investigation

The available cooling-air cylinder-head pressure-drop ratios
Aph/q in fiight for standard and modified engines are shown in
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figure 13 at altliudes of 5,000, 10,000, and 15,000 feet. In order to
comvare the Instellations, the curves for the standard instellastion
were superimposed, w1tnout tast points, over those for the ejector
ingtallaticn. - :

The standard engine had a constant pressure-drop ratioc of approxi-
mately 0.48 with cowl flape full open and about 0.23 with cowl flaps
cloged. This pressure-drop ratio appeared to be conatant for all alti-
tudes. The pressure dyvop available on the modified engine was a function
of brake horsepower. The ejoctor pumping action fell off slightly with
altitude because of the Increased specific volume of cooling alr at
higher altitudes. For a given horsepower the preassure-drop ratic was
higher at low airspeeds, such as those encountersd during climb or take-
off. At normal rated conditions, an altitude of 5000 feet and an Indi-
cated airspeed of approximately 165 miles per hour, (g = 12.0 in. of
water) the preseure-drop ratilo was 0.62 with flaps open and 0.40 with
flaps closed. Thus at £000 feet and a low airsweed, the electors induced
nearly as much pressure drop acroes ths engine with exit flaps closed as
conventional cowl flaps that are full open.

The average cylinder-head temperatures are plotted against free-
stream dynamic pressure g for normal rated and maximumw cruise Towers
at an altitude of 5000 feet in figure 14. - These curves show that, at
1460 brake horsepower and at a low alrspeed corresponding to a dynamic
pressure g of about 12.0 inches of water, the modified engine with
cowl flaps closed rung about 15° F cooler than the standard engine with
cowl flaps full open.

The exhaust back pressures measured on each engine at 5000 feel are
ghown in figure 15. Becausge of the restricted exhaust nozzles, the back
presgure is conesiderably higher in the modified engline than in the stand-
ard sngine. Separate curves are shown with cowl fleps open and closed
for the modified engins becaunse the exhsust gas is discharged through the
exit flaps, which affect the static pressure at the exhaust-stack outlet.
Engine calibration curves at an altitude of 5000 feet are given for the
standard and modified engines in figure 16 from which the c¢ffect of back
pressure on engine performance may be seen. A losg aof 100 brake horse-
power exlsted for the modlfiled engins at 2400 rpm. The results of thrust
calculationa at each altitude are shown in figures 17 and 18. These
curves show the drag, or thrust, of tne coolling air and exhaust gases for
@ach type of installation.

The following table shows the total net thrust hormepower for both
inatallations with cowl.flapse closed at an altltude of 5000 feel and a
true alrepsed of 265 miles per hour, with each engine operating at the
same speed and manifold presemre:

L
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Fnzgine bhp | fn | thp
1o}
Standard 1560 { -31 |13C0
Modified 1460 | 65 {1286
Standard with | 1460 | 162 [1355
Jet stacke

The data show that the loss of 100 brake horsepower due to high
exhsust back preseure ls almost all regelned by the momentum increase
of the cooling air on the modiflied engine and also that more thrust
wmsy be obtaincd from a standard engine with Jet exhsasust stacks than
from the erhaust-ejector lnstallaticn. At low alrspeseds the cowl
flaps on the standard engine must be open to provide sufficient engine
cooling and thus they Increase thz form drag. Inasmuch as no form-

+o

r1-mc.n- meagurements weire mads in £liaht a anentd
At = 1 AL A T T " -L[5u ’ h ‘mbud—

at low alrspeeds could not bte meds.

Representative temperature anl preesure patterns for the two
inetsllations under similar opesrating condltions are sghown in fig-
ures 19 and 20. No serious effect on temperature and pressure distri-
butions resulted from the use of the exheust-sjector installation.

SUMMARY OF RESULTS

From comperative flight and ground investigations of an exhaust-
ejJector installzation and a standard exhaust-collector-ring installa-
ticn on air-cooled engines in a twin-engine airplane, the following
results were obtained:

1. At take-off operating conditlions at zero rem on the ground,
the ejectors providel a prasgure drop across the engine of 5.5 inches
of water with the exit flape full open, which was sufficient to cool
the engine 20° F below the manufacturer's limit of SO0° F at a free-
air temperaturs of 35° F; whereas the standard engine would have over-
heated at above 600 brakes horsepowsr.

2. At low airspesds, such as encountered during take-off and
clitb, the ejectors pumped approximately as much cooling sir across
the engine with the exit flaps closed as conventlonal cowl flaps
pumped when full open.

3. The propulsive thrust of ths exhaust~ejector installatlion was
calculated to be slightly less thap the thruet of the collector-ring
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installation because the thrust obtalned from the ejectors was slightly
less than the loss in breke Lorsepower Gue to high exhaust back pressure
caused by the reatricted outlet area of the exhaust stacks.

Alrcraft Engine Research Laboratory,
National Advisory Committee for Aeromautics,
Cleveland, Chio. ' '
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